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Storage of electrical energy is a key technology for a future climate-neutral energy supply with volatile photovoltaic and
wind generation. Besides the well-known technologies of pumped hydro, power-to-gas-to-power and batteries, the contri-
bution of thermal energy storage is rather unknown. At the end of 2019 the worldwide power generation capacity from
molten salt storage in concentrating solar power (CSP) plants was 21 GWhel. This article gives an overview of molten salt
storage in CSP and new potential fields for decarbonization such as industrial processes, conventional power plants and
electrical energy storage.
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1 Commercial Molten Salt Storage Systems
in Concentrating Solar Power Plants
Concentrating solar power (CSP), also known as solar
thermal electricity, is a commercial technology that produ-
ces heat by concentrating solar irradiation. This high-tem-
perature heat is typically stored and subsequently used to
generate electricity via a steam turbine (Rankine cycle) [1].
In other words, the thermal energy storage (TES) system
corrects the mismatch between the unsteady solar supply
and the electricity demand. The different high-temperature
TES options include solid media (e.g., regenerator storage),
pressurized water (or Ruths storage), molten salt, latent
heat, and thermo-chemical [2]. At the time of writing,
commercial CSP systems utilize almost exclusively sensible
heat storage with molten salts (Figs. 1 and 2). Similar to
residential unpressurized hot water storage tanks, high-
temperature heat (170–560 C) can be stored in molten
salts by means of a temperature change. For a given tem-
perature difference DT = Thigh – Tlow, the heat (or inner
energy) QSensible, which can be stored is given by Eq. (1) as
follows:
Qsensible ¼ m  cp  Thigh  Tlow
 
¼ m  cp  DT (1)
Hereby, cp is the specific heat capacity of the molten salt,
Thigh denotes the maximum salt temperature during charg-
ing (heat absorption) and Tlow the temperature after dis-
charging (heat release).
The following three subsections describe the state-of-
the-art technology and current research of the molten salt
technology on a material, component and CSP system
level.
1.1 Molten Salt as Heat Transfer and Storage
Medium
Molten salts used for TES applications are in solid state at
room temperature and liquid state at the higher operation
temperatures. High-temperature properties such as the
volumetric storage density, viscosity and transparency are
similar to water at room temperature. The major advan-
tages of molten salts are low costs, non-toxicity, non-flam-
mability, high thermal stabilities and low vapor pressures.
The low vapor pressure results in storage designs without
pressurized tanks (Fig. 1). Molten salts are suitable both as
heat storage medium and heat transfer fluid (HTF). In gen-
eral, there is experience with molten salts in a number of
industrial applications related to heat treatment, electro-
chemical treatment and heat transfer for decades.
For molten salt, the lower and upper temperature thresh-
olds must be taken into account. The upper limit can be
determined by the thermal stability, the metallic corrosion
rate and other thermo-physical limitations (e.g., high vapor
pressure). Salts are typical classified by the anions which
mainly determine the chemical properties (e.g., nitrates,
nitrites, chlorides, carbonates). The lower limit is defined
by the melting temperature, which can vary significantly
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2Dr. Alexander Bonk
German Aerospace Center (DLR), Institute of Engineering Ther-
modynamics, Thermal Process Technology Department, Pfaffen-





Online in color, print in grayscale unless the author(s) contribute to the costs.
These are not the final page numbers! ((
depending on the anion type and the cation composition.
Mixtures of different salts have the advantage of lower melt-
ing temperatures, compared to their single salts, but can
exhibit similar thermal stability limits. Hence, salt mixtures
can have a larger temperature operation range and a lower
risk of freezing compared to single salts.
For energy storage in CSP plants, mixtures of alkali
nitrate salts are the preferred candidate fluids. These nitrate
salts are widely available on the fertilizer market. Liquid
thermophysical properties of typical mixtures are available
in literature [3, 4]. In commercial CSP plants, almost exclu-
sively a non-eutectic salt mixture of 60 wt % sodium nitrate
and 40 wt % potassium nitrate is utilized. This mixture is
commonly referred to as Solar Salt. Solar Salt is an opti-
mized mixture with regard to melting temperature, single
salt costs and heat capacity. The minimum operation tem-
perature of Solar Salt is typically set to 290 C (limited by
the liquidus temperature of about 250 C plus a safety mar-
gin). The maximum operation temperature is about 560 C,
mainly defined by thermal stability. For a temperature dif-
ference of 250 K, the volumetric heat capacity, i.e., ‘‘storage
density’’ of the medium reaches a value of about 200 kWh
m–3. The molten salt medium related costs make up typical-
ly a significant proportion of the overall TES system costs.
For large-scale systems, molten salt costs are currently in a
range from 4–20 € kWhth
–1 depending on exact market pri-
ces and temperature difference.
The material research on molten salt related aspects is
diverse. Some review and overview publications on molten
salt and other storage materials are available [2, 5–10].
Tab. 1 summarizes major molten salt material research
topics in the CSP field.
1.2 Molten Salt Thermal Energy Storage Systems
and Related Components
State-of-the-art molten salt based TES systems consists of a
‘‘cold’’ (e.g., 290 C) and a ‘‘hot’’ (e.g., 400 C or 560 C)
unpressurized flat bottom tank. Each tank has a foundation,
insulation, pumps and instrumentation (temperature, pres-
sure, salt level, flow). At the time of writing, the maximum
fluid height is about 13 m and the maximum diameter is
about 40 m, which allows for the storage of roughly 30 000 t
of molten salt in a single tank. The temperature in each tank
is kept constant. The fluid level of the tanks changes during
charging and discharging. A small amount of molten salt
always remains at the bottom of each tank (tank sump).
Currently there are commercial CSP plants with molten salt
storage units up to about 4000 MWhth (Solana in the US).
Such large-sized storage units use several pairs of hot and
cold tanks.
Unlike other TES technologies (e.g., solid media regener-
ator or pressurized water type TES), two-tank molten salt
storage systems provide constant power and temperature
levels throughout the entire charge and discharge process,
whereas other technologies typically show a drop of the
temperature, power or pressure level during discharging.
This drop can have a negative effect on the performance of
subsequent system (e.g., a power block). For molten salt
storage, the components for capacity (tanks) and power
(e.g., heat exchanger) are fully separated (Fig. 2) and this
configuration allows for constant power and temperature
levels. The size of exchanger is only determined by the nec-
essary power and not by the capacity of the storage unit.
This is a significant advantage of the two-tank molten salt
storage system, which simplifies its operation and also de-
sign adaption. For example, enhancing the storage capacity
requires no extra investments for power components (e.g.,
electrical heaters, heat exchangers) but only larger tank
units filled with salt. Hence, for a given thermal power, the
increase in investment costs for additional storage capacity
is relatively small. This stands in contrast to batteries, where
capital costs scale linearly with capacity.
The research on molten salt storage on component level
is manifold and summarized in the following Tab. 2. The
component research is not limited to the molten salt tank
systems but also focuses on power components and other
components in the molten salt loop (e.g., pumps, valves, in-
strumentation), as well as fundamental process technology
aspects (e.g., salt freezing).
In order to examine component related aspects, typically
molten salt test facilities are utilized. The DLR owns a
facility which allows experimental work on single tank con-
cepts (TESIS:store facility, Fig. 3) and qualification of com-
ponents in a test section (TESIS:com facility). Details of this
plant can be found in literature [33, 34].
1.3 Integration of Molten Salt Storage in CSP Plants
The commercial status of high-temperature TES makes CSP
a unique application. By storing the thermal energy, CSP is
able to firmly deliver electricity on demand. This ability to
provide electricity on demand makes CSP stand out from
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Figure 1. Example of a 1000 MWhth two-tank molten salt stor-
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other volatile renewable energy technologies like photovol-
taics and wind. Further advantages of TES integration
include the following:
– If a backup ability for the plant is necessary, only the
additional cost for the installation of a gas heater is nec-
essary. Hence, backup and plant availability can be
ensured at low cost (e.g., compared to other solutions like
batteries which would require a complete power plant as
backup).
– Although additional investment costs due to TES are
added, the overall Levelized Cost of Electricity (LCOE)
can be reduced (mainly due to longer operation hours of
the power block).
– Rapid flux variations can be compensated (avoiding
strong gradients for connected components, e.g., piping,
heat exchanger, boiler, turbines) which increases the life-
time of components.
– The size (or capital cost) of subsequent components, e.g.,
evaporator, condenser, boiler, turbines, can be reduced.
– TES allows improved thermal management of the solar
system (e.g., faster start-up time, accurate preheating of
solar steam cycle, avoid surplus energy, cover peak
demand).
By the end of 2019 the worldwide dispatchable power
generation from molten salt storage in CSP plants was
about 3 GWel with an electrical storage capacity of
21 GWhel. This results in an average storage duration of
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Table 1. Molten salt research topics on a material level in the CSP field.
Objective, motivation and technological challenge Material research topics
Related to new parabolic trough systems with molten salt as HTF (cur-
rently thermal oil is commercially utilized), there is a need to identify salt
mixtures with a lower operation temperature. Main reasons are lowering
the risk of salt freezing and thermal losses at night in the large parabolic
trough solar field. To some extend lowering of salt mixture costs with
calcium nitrate is anticipated.
The interest is the identification of (multi-component) mixtures with lower
melting temperature by phase diagram measurements and computational
determination of phase diagrams. Mixtures are also optimized in terms of
costs, melting temperature, stability, density, and heat capacity. The work
is mainly related to nitrate-nitrite mixtures [3, 9, 11–15], but also some
work for chlorides exists [16, 17].
Mainly related to the CSP power tower systems molten salts with higher
operation temperature would be favorable. This could result in a higher
reliability (e.g., temporal and local overheating could be accepted; larger
safety margin), larger temperature differences power components leading
to lower power components costs (e.g., solar receiver, electrical heater,
steam generator) and higher Carnot efficiencies of power cycles (e.g.,
new cycles with CO2, higher steam parameters for Rankine cycle)
The interest is optimization and identification of molten salts mixtures
with higher operation temperature. One research line is the optimized
operation of existing Solar Salt [18, 19]. Other work focuses on the identi-
fication and qualification of new salt classes. Of major interest are carbo-
nate [20, 21] and chloride salt mixtures. At the time of writing chlorides
rather than carbonates seem to be the preferred option (mainly due to
higher costs for carbonates) [22–24]. One major challenge of chlorides is
the corrosively with metallic aluminizing/coating, salt additives, salt puri-
fication approaches to overcome this aspect [25, 26].
Higher impurity levels in molten salt are a major concern since they can
accelerate metallic corrosion. Molten salt impurities can originate from
the atmosphere (e.g., carbonates from CO2, hydroxides from moisture),
delivered grade of salt (e.g., chlorides), salt hydrolysis (e.g., hydroxide
species), salt thermal decomposition (e.g., oxides) and structural metals
(e.g., formation of chromates).
Molten salt corrosion research is diverse with several aspects affecting the
corrosion rate. They include salt composition, salt impurities, atmospher-
ic conditions, type of structural metal, treatment of metals (e.g., surface
finishing, heat treatment) and application related aspects (e.g., additional
mechanical loads, temperature changes and gradients, welds and welding
additives, salt flow, salt-gas boundary layers). For CSP, metallic corrosion
research focuses on carbon and stainless steels, as well as nickel based
structural alloys for nitrates, chlorides and carbonates. For sealing some
other metals are also of interest [26–32].
Molten salt loops typically consist of several components (e.g., pumps,
valves, flanges, instrumentation) with a requirement to utilize not only
structural metals but also other additional non-metal materials with
molten salt compatibility requirements. Also there is interest to replace
molten salt by an inexpensive filler material to reduce capital costs.
The compatibility of non-metallic materials in contact with molten salt
for moving parts (e.g., in valves and pumps), removable connections (e.g.,
seals for flanges) and electrically insulating parts (e.g., instrumentation)
are of interest. Examples of examined materials include graphite,
ceramics, and glass [5]. Natural rocks and waste product from the process
industry were also examined in direct contact as inexpensive filler materi-
als [33–35].
From a scientific point of view with some relation to the molten salt
technology, a better fundamental understanding of molten salt mixtures
is of interest.
Some examples of fundamental work on molten salt mixtures include the
following list: molecular dynamic modeling and prediction of mixture
behavior [36]; improved thermophysical properties with nano-additives,
[37]; calculation /correlation of temperature dependent physicochemical
properties from single salt components [38, 39]. In general there is also
some knowledge available from other molten salt applications than CSP
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about 7 h (21 GWh/3 GW) with a total range from 3 h to
15 h. The total thermal capacity is 50 to 60 GWhth (esti-
mated from 21 GWhel and typical conversion efficiencies)
[1]. At the time of writing, typical capital costs of large-scale
molten salt storage systems range from 15 to € 80 kWhth
–1
depending on parameters such as scope of delivery, capacity
and power level as well as the temperature difference
between hot and cold tank. It is important to note that the
specific storage costs (in € kWhth
–1) can be reduced consid-
erably, when the storage system is implemented in systems
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Figure 2. Options for the utilization of molten salt storage technology with three subsystems: power unit for charging (left); capacity
unit for storage (middle); power generation unit for discharging (right) (Source: DLR).
Table 2. Molten salt research topics on a component level in the CSP field.
Objective, motivation and technological challenge Component research topics
Objectives for the molten salt tank system are improvements of the reli-
ability and overhauling concepts, higher operation temperatures, as well
as the reduction of operational expenditure (OPEX) and capital expendi-
ture (CAPEX). Cost saving are feasible with single tank concepts com-
pared to two tank concepts. Single tanks remain filled during operation
with characteristic temperature zones (hot salt at the top, cold salt at the
bottom and thermocline zone in between).
Research on two tank optimization addresses aspects such as foundation
design, heat losses, temperature distribution within the tanks and startup
procedures [40–45]. Recently a best practice study including tank aspects
was also published [46]. The major motivation for single tank storage con-
cepts are cost savings. The major research line is currently single thermo-
cline tanks with inexpensive filler materials [47–52], but also some work
on the single tank moving barrier concept [53] and natural stratification
[48], both without filler exist.
Furthermore, improvements of power components in the molten salt loop
to add or remove heat are addressed. For heat charging solar receivers/
absorber, combustion heaters, electrical heaters, and heat exchangers are
of interest. Heat discharging requires mainly heat exchangers and steam
generators.
Recently a best practice study including power component aspects was
published [46]. Examples of related research work are listed below:
– Solar receiver/absorbers for trough [54] and towers [55]
– Electrical heater [56]
– Combustion heater (melting units are commonly used)
– Heat exchangers for flue gas from a gas turbine peak power plant [57]
– Heat exchangers for thermal oil [58]
– Steam generators [59–63]
Besides power and storage components, there are some additional molten
salt components, as well as fundamental and process technology related
aspects of technological importance. Objectives are for example enhanced
reliabilities, higher operation temperatures and higher measurement
accuracies, as well as reduced OPEX and CAPEX. In general there is also
experience from nuclear molten applications and some review literature
refers to the nuclear field.
Additional components in molten salt loops [40, 64] include pumps [65],
valves [66–68], flanges and seals [5], flexible hoses [69], melting units
[70], auxiliary heating, piping and support, insulation [71], as well as
measurement equipment for temperature, pressure, flow, and level
[72, 73]. One aspect with molten salts is unwanted freezing during opera-
tion. Freezing must be prevented in the piping, the heat exchanger and in
the storage tanks. Re-melting after freezing and possible damage was also
examined [72]. A review of fundamental work on forced convection
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with larger temperature differences. That is due to the direct
proportionality between the capacity of a molten salt stor-
age and the temperature difference between the hot and the
cold tank (see Eq. (1)).
In general, there are two commercially realized molten
salt storage configurations. They are called direct and indi-
rect configuration. Indirect storage refers to systems with a
different HTF and storage medium (Fig. 4a), whereas direct
storage systems (Fig. 4b) utilize a single medium as HTF
and storage medium.
The availability of experiences from the CSP project Solar
Two in the US was a major benefit for the molten salt devel-
opment and commercial implementation. Based on the
Solar Two experience, molten salt was selected for the An-
dasol power plants in Spain using parabolic trough technol-
ogy (Kelly 2006). The Andasol power plants are the first
large-scale examples of the indirect storage systems (Fig. 4a)
with a capacity of about 1000 MWhth and a storage dura-
tion of about 7.5 h [70]. The cold tank temperature was set
to 292 C with a safety margin to the liquidus of Solar Salt.
The hot tank temperature was set to 386 C due to the
upper temperature limit of the thermal oil (max. 393 C),
used as primary heat transfer fluid in the solar field. The
difference between oil temperature and salt temperature is
due to the temperature difference in the molten salt-thermal
oil heat exchanger. Subsequently, a few dozen plants, often
in a similar configuration were installed around the world.
A detailed list of installed plants can be found elsewhere
[75].
The first demonstration of a direct storage concept is the
Solar Two central receiver power plant using molten salt
both as HTF and heat storage medium. This demonstra-
tional power plant was erected in 1994 on basis of the Solar
One facility and was operated until 1999. The maximum
electrical power was 11 MWel. The two tank storage system
with a total volume of about 1700 m3 had an inventory of
1400 t of Solar Salt. Operation temperature was between
290 C and 565 C and virtually all subsequent tower plants
used similar temperature levels. The thermal capacity of
the storage system was 107 MWhth, which allowed the
Chem. Ing. Tech. 2021, 93, No. 4, 1–14 ª 2021 The Authors. Chemie Ingenieur Technik published by Wiley-VCH GmbH www.cit-journal.com
Figure 3. DLR Test Facility for Thermal Energy Storage in Mol-








































Figure 4. Simplified scheme of a parabolic trough power plant with an indirect molten salt storage system (a) and solar tower plant
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operation of the turbine for 3 h [76]. The first commercial
solar tower power with direct two-tank storage system was
the Gemasolar plant in Andalusia, Spain, which went in
operation in 2011 [77]. The Gemasolar plant has an electri-
cal power of 20 MWel, storage temperatures of 292 and
565 C and a storage capacity of 15 h. This storage size
allows 24 h operation. Subsequently, larger tower plants
with direct storage went in operation or are under construc-
tion [75, 78, 79]:
– Crescent Dunes 110 MWel, US
– NOOR3 134 MWel, Morocco
– DEWA CSP Tower 100 MWel, United Arab Emirates
– Atacama-1 110 MWel, Chile
– Golmud 200 MWel; Hami CSP Project 50 MWel; Luneng
Haixi 50 MWel; Qinghai Gonghe 50 MWel; Shouhang
Dunhuang 100 MWel; SUPCON Delingha 50 MWel and
Yumen 100 MWel, all China.
Hence, at the time of writing, central receiver power
plants with molten salt both as HTF and heat storage medi-
um are the commercial standard for large-scale tower sys-
tems. The research on overall CSP system integration and
optimization of molten salt storage is related to different
topics as shown in Tab. 3.
It can be summarized that molten salt research addresses
the entire value chain with material, components and sys-
tem related aspects. The following text discusses new oppor-
tunities for molten salt storage systems. Unlike CSP, no
commercial examples are known for these new potential
fields of application at the time of writing.
2 Molten Salt Storage Opportunities for
Energy-Intensive Industrial Processes
One application is the improvement of the energy efficiency
within the process heat industry by TES integration. Partic-
ularly the high-temperature energy intensive industries like
iron and steel, non-ferrous metals, cement, ceramics, glass,
and chemical sectors are of interest. Processes and applica-
tions for TES are diverse. Examples are waste heat recovery
in flue gas, improved heat integration of batch processes,
backup heat, buffering of fluctuating waste heat streams and
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Table 3. Molten salt storage research topics on CSP system level.
Objective, motivation and technological challenge Research topics on CSP system level
Molten salt storage sets the commercial standard in CSP plants at the
time of writing. Major indicators to evaluate and compare storage systems
are the capital cost of the TES system and the LCOE. Several other TES
technologies are developed for CSP. Cost figures are compared to some
extent with the two tank molten salt configuration as a reference.
Comparison of two-tank molten salt storage system in CSP with alterna-
tive technologies using other storage materials and HTFs [2, 10, 80–84]:
– sensible heat storage in liquids, e.g., pressurized water [79], thermal oil
[85], molten metal [86],
– sensible heat storage in solids, e.g., structured or packed bed ceramics
[87], concrete [88], moving particles [89]
– latent heat with phase change materials [90]
– thermochemical, e.g., calcium oxide/calcium hydroxide conversion
[91, 92].
Molten salt power tower and parabolic trough with thermal oil and mol-
ten salt TES is established commercial standard configuration at the time
of writing. The decrease of LCOE is a major motivation for research on
novel CSP configurations with molten salt storage.
Theoretical and experimental assessment of CSP configuration with mol-
ten salt storage. This includes established configurations, e.g. molten salt
power tower [40, 76] and parabolic trough with thermal oil [41, 93], as
well as novel CSP configurations, e.g. direct parabolic trough with molten
salt [94, 95], linear Fresnel [96], supercritical steam [97–99], supercritical
CO2 cycles [22, 98, 100], higher operation temperatures with carbonate or
chloride salt [22, 97], solar gas turbines with Rankine bottom cycle [98],
power tower topping cycle with molten metal [97, 86], hybrid CSP-fossil-
plants, e.g. with natural gas or coal [83, 98, 101–103], hybrid CSP plants
with integration of photovoltaics (e.g., PV/CSP hybrid plant in Morocco,
[98, 104, 105].
CSP system modeling and simulation with a molten salt two tank storage
system can be considered as straightforward. The two tank system has
separate components for power (e.g., heat exchangers, pumps) and ca-
pacity (storage tanks). Hence, the power and temperature level for charge
and discharge are constant (except startup and shutdown procedures).
For the molten salt single tank technology, system simulation is more
challenging due to a change of the exit temperature at the end of the
charging and discharging process, as well as self-discharge of the single
tank. This requires transient modelling with the ability to accurately
model part-load behavior.
Thermodynamic inefficiencies caused by the thermocline can be assessed
by overall CSP plant simulation using LCOE as evaluation criterion. The
performance of single tank thermocline was compared to two-tank
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stabilizing of steam supply as well as improved electrical
load management with power-to-heat (PtH) and TES. Typi-
cally the potential of high-temperature molten salt storage
is not within the process but at the process interfaces as
shown in Fig. 5.
There is a major need to identify flexibility options of
energy-intensive processes for the integration of volatile
renewable electricity and decarbonization of energy-inten-
sive processes. Flexibility options were addressed by the
Kopernikus Project SynErgie in Germany [109]. Selected
large-scale processes in the energy-intensive process indus-
try were examined. It was shown that some glass furnaces
already operate in hybrid mode with gas firing and electric-
ity to supply heat. The ability to switch between gas and
electricity results in a flexibility option for the electrical
grid.
Fig. 5 on the top shows a novel potential concept for
hybrid operation with a molten salt storage system. Process-
es which already (e.g., salt reactors in the chemical industry)
or potentially utilize molten salt as HTF could operate flexi-
ble on fuel or electricity. This concept can provide a large
flexibility option to the grid. It may be feasible to utilize
renewable electricity peaks to a larger extent (e.g., midday
photovoltaic peak) due to affordable costs of photovoltaics
and PtH for molten salt systems.
Fig. 5 on the bottom shows schematically the molten salt
storage integration using output heat streams (e.g., hot
products, flue gas). There is a potential for TES if the output
heat stream is unsteady (batch process) or the subsequent
process requires heat with a temporary shift. For molten salt
storage the electric arc furnace for steel melting as a batch
process was examined. Potentially intermittent waste heat
in the flue gas stream could be recovered. Required compo-
nents are a molten salt flue gas heat exchanger, molten salt
storage system, molten salt steam generator and a steam
turbine. For example, a steam turbine could continuously
generate about 5 MWel for a typical electric arc furnace with
100 MWel input power [110]. Such a steam turbine could
generate electricity only or combined heat and power
(CHP).
3 Molten Salt Storage Opportunities for
Conventional Power Plants
Photovoltaics and wind increasingly displace conventional
generation. This leads to an increasingly variable operation
of conventional power plants with load following, reduced
capacity factors and increased number of startups accompa-
nied by thermally stressed components and reduced lifetime
[111]. To diminish these drawbacks, molten salt storage can
be integrated in conventional power plants. Applications
and benefits of power plant concepts with an integrated
high-temperature molten salt storage are summarized in
the following Tab. 4. TES can also provide the services listed
above for electrical grid storage, which is discussed in the
following section.
4 Molten Salt Storage Opportunities
for Electrical Storage
Bulk grid-connected electrical storage is dominated by
pumped hydroelectric energy storage (without TES) [1].
The potential growth of pumped hydro energy storage is
limited by geographic dependencies and the environmental
impact. Hence, massive electrical storage including a TES is
a major option to further enlarge the implementation of
volatile renewable electricity sources. Currently, several
electrical storage concepts including a large-scale TES sys-
tem are examined [119–121]. These non-commercial elec-
trical storage concepts with a relation to molten salt storage
are listed in the following Tab. 5.
Besides PtHtP, power-to-gas-to-power (PtGtP) is a major
concept for large-scale energy storage. The following Fig. 6
compares the PtHtP with PtGtP concept. On the right-hand
side the energy Sankey diagram of the PtGtP is shown. The
PtGtP conversion efficiencies are taken from available pub-
lished data [131]. It can be seen that the efficiency from
electricity-to-electricity of PtGtP is only about 25 %, if the
entire conversion chain is considered. This is due to larger
losses for the electrolysis, methanisation and compression
processes. The combined heat and power potential can be
considered to be limited, because the dispatchable heat for
Chem. Ing. Tech. 2021, 93, No. 4, 1–14 ª 2021 The Authors. Chemie Ingenieur Technik published by Wiley-VCH GmbH www.cit-journal.com
Figure 5. Potential utiliza-
tion options of molten salt
storage technology in ener-
gy-intensive industrial pro-
cesses: flexible process heat
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end-use is considered to be only about 13 % (about half of
the value of the electrical output) [131].
On the left-hand side of Fig. 6 the energy Sankey diagram
of the PtHtP is shown. The PtHtP storage solution is con-
sidered to be more efficient compared to the PtGtP solution.
For the given example, it can be expected that the electrical
round-trip efficiency is about 19 %. This electrical efficiency
is mainly limited by the conversion efficiency of the steam
turbine. Unlike for the PtGtP storage option, a large share
of up to 68 % could be available as dispatchable heat (e.g.,
steam) for further end-use. Hence, PtHtP is suitable for
CHP operation and it could have high overall efficiencies of
80–90 % (Fig. 5).
Tab. 6 summarizes the pros and cons of the PtHtP and
the PtGtP storage options. PtHtP is advantageous in terms
of electrical efficiency and CHP efficiency compared to
PtGtP. Also investment costs for power components of
PtHtP could be lower (e.g., electrical heater for charging)
compared to PtGtP (e.g., electrolysis, methanisation). On
the other hand, PtGtP allows for inexpensive bulk storage
and transport of gas over long periods (weeks), whereas
TES of PtHtP is typically cost effective for daily charging.
Hence, a hybrid storage solution is proposed which com-
bines the advantages of the PtHtP and PtGtP technologies
(Tab. 6). Fig. 6 in the middle shows an example with an ar-
bitrarily chosen ratio of 75 % PtH and 25 % power-to-gas
supply. This ratio can be adjusted and optimized depending
on the needs for electrical efficiency, share of process heat,
investment costs and demand of short and long duration
storage. One main reason for the hybrid storage solution
(rather than two individual storage systems) could be the
reintegration of some of the flue gas heat of the gas turbine
into the PtHtP process in order to increase the conversion
efficiency. The heat reintegration could also reduce the pay-
back period of the molten salt storage and the steam turbine
system due to twofold use cases with two TES charging
options (electricity and gas turbine flue gas). The PtHtP
and gas turbine could be situated in one site as a ‘‘storage
plant’’ (see also [116]). For CHP operation, the storage plant
could be located close to the end-use as an ‘‘on-site storage
plant’’. The remaining PtG unit could be installed at another
location close to the supply of volatile electricity for exam-
ple close to an offshore wind site.
5 Summary and Conclusion
The article gives an overview of molten salt thermal energy
storage (TES) at commercial and research level for different
applications. Large-scale molten salt storage is a commercial
technology in the concentrating solar power (CSP) applica-
tion. The worldwide installed capacity is 21 GWhel or about
60 GWhth with an average storage duration of 7 h. The
major advantages of molten salt thermal energy storage
include the medium itself (inexpensive, non-toxic, non-
pressurized, non-flammable), the possibility to provide
superheated steam up to 550 C for power generation and
large-scale commercially demonstrated storage systems (up
to about 4000 MWhth) as well as separated power compo-
nents (e.g., heat exchangers) and capacity components
(tanks) for constant temperature and power levels during
charge and discharge.
Decarbonization of the diverse energy intensive industrial
processes remains a major challenge. The potential for the
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Table 4. Molten salt storage research topics for conventional power plants.
Objective, motivation and technological challenge Research topics on system level for conventional power plants
For conventional power plants TES integration can contribute to a higher
flexibility of electricity generation and thermal management (e.g., faster
gradients, reduction of minimum load and improved part load, compo-
nent preheating, improved availability, backup heat). This higher flexibil-
ity would allow for additional volatile wind and PV installations while
ensuring security of electricity supply with flexible conventional power
plants.
Drost proposed a coal fired peaking power plant using molten salt storage
in 1990 [112]. Conventional power plant operation with a higher flexibil-
ity using TES was examined in research projects (e.g., BMWi funded proj-
ects FleGs 0327882 and FLEXI-TES 03ET7055). Garbrecht simulated
molten-salt thermal storage systems in an incinerator and a small-size lig-
nite-fired power plant [113]. Wojcik reviewed literature about TES in
power plants and examined TES concepts in the steam-water cycle at
different integration points [114].
Direct integration of volatile wind and PV electricity in conventional
power plants is examined. These hybrid configurations with two energy
inputs allow a ‘‘fuel switch’’. An example is the combination of fuel com-
bustion and volatile wind and photovoltaic electricity via power-to-heat
(PtH) and TES. The molten salt storage transforms the volatile electricity
into a steady heat flow for the power cycle.
Several studies on hybrid configurations of volatile wind and PV electric-
ity with other sources have been published. Examples include the combi-
nation with nuclear power [115], coal power (e.g., German project Store-
to-Power), the combination of natural gas combustion with molten salt
storage integration in combined cycle plants [111, 116].
Conventional combined heat and power (CHP) units operate typically
either on heat or electricity demand. Often there is a fixed ratio of heat
and electricity generation which can make such operation for varying
heat and electricity demand inefficient. TES can decouple the generation
of heat and power for CHP. Also hybrid supply of CHP via high-tempera-
ture heat storage is feasible.
The authors proposed to operate steam turbine CHP plants supplied by a
molten salt storage in hybrid charge mode with fuel combustion and vola-
tile electricity via PtH technology. Heat could be supplied to district heat-
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integration of high temperature molten salt storage is
mainly given at the energy input and output of the process
interfaces. On the input side, the hybrid process supply with
fuel firing and electricity is already in use in some cases and
offers a flexibility option for the electrical grid. With the
help of molten salt storage, a larger share of volatile renew-
able electricity could be potentially converted to
a steady high-temperature heat stream. Hence,
molten salt storage could further increase the
share of volatile electricity. In addition, there are
options for molten salt storage integration for
heat recovery at the process waste heat streams
of batch processes or for temporal decoupling of
processes.
In conventional power plants, molten salt
storage could be installed to a different extent in
the future. Small sized molten salt systems could
increase the flexibility of the plants. Medium
sized storage systems could be charged with vol-
atile PV and wind electricity and operate in hybrid mode
with fossil fuel combustion and volatile electricity supply.
Also, the potential of full conversion or reuse of conven-
tional coal power plants to power-to-heat-to-power (PtHtP)
systems or newly erected PtHtP systems with large-sized
storage systems is feasible. Furthermore, there are several
Chem. Ing. Tech. 2021, 93, No. 4, 1–14 ª 2021 The Authors. Chemie Ingenieur Technik published by Wiley-VCH GmbH www.cit-journal.com
Table 5. Molten salt storage research topics for bulk electrical storage systems.
Objective, motivation and technological challenge Research topics on system level for bulk electrical storage systems
Power-to-heat-to-power (PtHtP), also called electrothermal energy storage
(ETES), utilize a PtH component for charging, a TES and different
devices for discharging. For the power cycles, such as Rankine and Bray-
ton, the efficiency is limited by the Carnot efficiency. Although turboma-
chines limit the efficiency during discharge, the PtH component for
charging can be relatively inexpensive and hence PtH provides an efficient
way to absorb short and large peak power (e.g., photovoltaics during mid-
day). Further advantages include high life expectancies in the range of
20–30 years, low capacity-specific costs (€ kWh–1), a low environmental
impact and flexibility regarding the sites.
At the time of writing, the conversion of conventional coal power plants
in Germany into PtHtP is considered. One major motivation is the reuse
of existing infrastructure (e.g., steam turbine, generator, cooling tower,
grid-connection) and staff on-site. In the research project StoreToPower
the potential of the full conversion of lignite coal power plants in the
Rhineland area to PtHtP-Storage systems with large sized molten salt
storage systems is theoretically examined [122]. Kosman compared differ-
ent options of molten salt storage integration for the transition from coal
to green energy power systems [123]. At the time of writing, there are also
different industrial initiatives for PtHtP with molten salt (e.g., MOSAS
from MAN, eTES from Flagsol, Pintailpower).
Pumped thermal energy storage (PTES) utilize an electrically driven heat
pump during charging to create two distinct heat storage reservoirs. Dur-
ing discharging, this temperature difference is used to operate a power
cycle. There are several types of cycles (e.g., Brayton, Rankine), working
fluids (e.g., air, CO2, water-steam) and temperature levels, as well as dif-
ferent storage media (e.g., liquid air, ice, water, molten salt, rocks, ce-
ramics). In the low temperature region liquid air energy storage (LAES) is
a major concept of interest. The advantages of PTES are similar to the
PtHtP concept: high life expectancies, low capacity-specific costs, low
environmental impact and site flexibility. Utilization of a heat pump
makes PTES a concept with a higher maximum efficiency (100 % if con-
sidered isentropic) at the expense of a more complex system compared to
PtHtP.
Aga proposed the use of CO2 cycle PTES to store volatile photovoltaic
electricity via cold water and hot molten salt storage [124]. Laughlin pro-
posed a PTES concept based on closed-cycle Brayton cycle with cold hex-
ane and hot molten solar salt storage [120]. Vinnemeier et al. provided a
characteristic diagram which allows to identify the most reasonable heat
pump working fluid and process configuration referring to the boundaries
of a specific storage concept [125]. McTigue investigated different PTES
concepts with supercritical CO2 cycles with molten salt storage with and
without concentrating solar heat input [126]. Steinmann compared five
different PTES concepts including molten salt storage [127].
Compressed air energy storage (CAES) utilize electricity for air compres-
sion, a closed air storage (either in natural underground caverns at me-
dium pressure or newly erected high-pressure vessels) and an air expan-
sion unit for electricity generation. A few CAES installations exist and
typically turbomachines are utilized. In an advanced concept, an addi-
tional TES could store compression heat during charging and preheats air
during discharging in order to increase the round trip efficiency. Different
TES options such as solid media and molten salt are feasible. This concept
has also a theoretical efficiency of 100 % when considered to be isentropic
and is called Adiabatic Compressed Air Energy Storage (A-CAES).
The ADELE-ING Project examined solid media regenerator, molten salt
and thermal oil as TES options for A-CAES [128]. Grazzini performed a
thermodynamic analysis of the design parameters and influence on sys-
tem efficiency of multistage Adiabatic CAES [129]. Chen reviewed work
on CAES, A-CAES and discussed also utilization of molten salt storage
[130].
Table 6. Simplified comparison of PtHtP, PtGtP and hybrid bulk electrical stor-
age options.
PtHtP Hybrid PtGtP
Electrical efficiency High Medium Low









Online in color, print in grayscale unless the author(s) contribute to the costs.
These are not the final page numbers! ((
innovative electrical storage configurations with molten salt
storage with the potential of higher efficiencies under inves-
tigation. They include pumped thermal energy storage
(PTES), liquid air energy storage (LAES) and adiabatic
compressed air energy storage (A-CAES). In this article the
hybrid configuration of PtHtP and power-to-gas-to-power
(PtGtP) was proposed in order to combine the advantages
of both concepts.
Hence, molten salt storage could not only be utilized in
CSP but also new fields of application. Examples are indus-
trial processes, conventional power plants and electrical
storage. In order to realize molten salt storage systems with-
in these new fields of application, research projects for first-
of-its-kind demonstrations are required.
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Figure 6. Energy Sankey diagrams of bulk electrical storage options: power-to-heat-to-power (PtHtP) storage (a), hybrid storage with
an arbitrarily ratio of 75% power-to-heat and 25% power-to-gas (b) and Power-to-Gas-to-Power (PtGtP) storage redrawn from Aus-
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Abbreviations
A-CAES adiabatic compressed air energy storage
CAPEX capital expenditure
CHP combined heat and power
CSP concentrating solar power
HTF heat transfer fluid
TES thermal energy storage
ETES electrothermal energy storage (see also PtHtP)
LAES liquid air energy storage
OPEX operational expenditure
PTES pumped thermal energy storage
PtH power-to-heat
PtHtP power-to-heat-to-power, or (see also ETES)
PtGtP power-to-gas-to-power
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[37] B. Muñoz-Sánchez et al., Renewable Sustainable Energy Rev.
2018, 82, 3924–3945. DOI: https://doi.org/10.1016/
j.rser.2017.10.080
[38] D. F. Williams, L. M. Toth, K. T. Clarno, Assessment of Candidate
Molten Salt Coolants for the Advanced High-Temperature Reactor
(AHTR), Report, ORNL/TM-2006/12, Oak Ridge National
Laboratory, Oak Ridge, TN 2006.
[39] T. Bauer, A. Bonk, Int. J. Thermophys. 2018, 39 (12), 134.
DOI: https://doi.org/10.1007/s10765-018-2456-2
[40] A. B. Zavoico, Solar Power Tower – Design Basics Document,
Technical Report, SAND2001-2100, Sandia National Laborato-
ries, Albuquerque, NM 2001.
[41] B. Kelly, D. Kearney, Thermal Storage Commercial Plant Design
Study for a 2-Tank Indirect Molten Salt System, Report, NREL/
SR-550-40166, NREL, Golden, CO 2006.
[42] C. Prieto et al., Sol. Energy 2016, 135, 518–526. DOI: https://
doi.org/10.1016/j.solener.2016.06.030
[43] C. Prieto et al., Renewable Energy 2016, 99, 852–866.
DOI: https://doi.org/10.1016/j.renene.2016.07.053
[44] Z. Wan et al., Appl. Therm. Eng. 2019, 167, 114775. DOI: https://
doi.org/10.1016/j.applthermaleng.2019.114775
[45] J. Schulte-Fischedick, R. Tamme, U. Herrmann, in Proc. of the
ASME 2008 2nd Int. Conf. on Energy Sustainability Collocated
with the Heat Transfer, Fluids Engineering, and 3rd Energy Nano-
technology Conf., ASME, New York 2009. DOI: https://doi.org/
10.1115/ES2008-54101
[46] M. Mehos et al., Concentrating Solar Power Best Practices Study,
NREL Report, NREL/TP-5500-75763, NREL, Golden, CO 2020.
[47] C. Odenthal, F. Klasing, T. Bauer, Energy Procedia 2017, 135,
14–22. DOI: https://doi.org/10.1016/j.egypro.2017.09.483
[48] C. Odenthal et al., AIP Conf. Proc. 2020, 2303, 190025.
DOI: https://doi.org/10.1063/5.0028494
[49] J. E. Pacheco, S. K. Showalter, W. J. Kolb, J. Sol. Energy Eng.
2002, 124, 153–159. DOI: https://doi.org/10.1115/1.1464123
[50] B. Seubert et al., AIP Conf. Proc. 2017, 1850, 080025.
DOI: https://doi.org/10.1063/1.4984446
[51] S. M. Flueckiger, Z. Yang, S. V. Garimella, Heat Transfer Eng.
2013, 34 (10), 787–800. DOI: https://doi.org/10.1080/
01457632.2012.746152
[52] T. Esence et al., Sol. Energy 2017, 153, 628–654. DOI: https://
doi.org/10.1016/j.solener.2017.03.032
[53] P. Querol et al., 18th SolarPACES Conf., Marrakech, Morocco,
September 2012.
[54] M. J. Montes, A. Abánades, J. M. Martı́nez-Val, J. Sol. Energy
Eng. 2010, 132 (2), 021001. DOI: https://doi.org/10.1115/
1.4001399
[55] C. K. Ho, Sol. Energy 2017, 152, 38–56. DOI: https://doi.org/
10.1016/j.solener.2017.03.048
[56] T. Okazaki, Renewable Energy 2019. DOI: https://doi.org/
10.1016/j.renene.2019.11.051
[57] J. Bonilla et al., Procedia Comput. Sci. 2016, 83, 1118–1125.
DOI: https://doi.org/10.1016/j.procs.2016.04.232
[58] B.-C. Du et al., Int. J. Heat Mass Transfer 2017, 113, 456–465.
DOI: https://doi.org/10.1016/j.ijheatmasstransfer.2017.05.075
[59] W. Gaggioli et al., Energy Procedia 2015, 69, 822–831.
DOI: https://doi.org/10.1016/j.egypro.2015.03.091
[60] C. He et al., Appl. Energy 2017, 204, 1231–1239. DOI: https://
doi.org/10.1016/j.apenergy.2017.04.010
[61] Q. Zhang et al., Renewable Energy 2018, 135, 866–876.
DOI: https://doi.org/10.1016/j.renene.2018.12.064
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[85] A. Bruch, J. F. Fourmigué, R. Couturier, Sol. Energy 2014, 105,
116–125. DOI: https://doi.org/10.1016/j.solener.2014.03.019
[86] A. Fritsch et al., Energy Procedia 2015, 69, 644–653. DOI: https://
doi.org/10.1016/j.egypro.2015.03.074
[87] H. Singh, R. P. Saini, J. S. Saini, Renewable Sustainable Energy
Rev. 2010, 14 (3), 1059–1069. DOI: https://doi.org/10.1016/
j.rser.2009.10.022
[88] Z. P. Bazant, M. F. Kaplan, Concrete at High Temperatures:
Material Properties and Mathematical Models, earson Education,
London 1996.
[89] A. Calderón et al., Energy Storage 2019, 1 (4), e63. DOI: https://
doi.org/10.1002/est2.63
[90] A. Crespo et al., Sol. Energy 2018, 192, 3–34. DOI: https://
doi.org/10.1016/j.solener.2018.06.101
[91] M. Felderhoff, R. Urbanczyk, S. Peil, Green 2013, 3, 113–123.
DOI: https://doi.org/10.1515/green-2013-0011
[92] C. Prieto et. al., Renewable Sustainable Energy Rev. 2016, 60,
909–929. DOI: https://doi.org/10.1016/j.rser.2015.12.364
[93] U. Herrmann, B. Kelly, H. Price, Energy 2004, 29 (5–6), 883–893.
DOI: https://doi.org/10.1016/S0360-5442(03)00193-2
[94] T. Ruegamer et al., Energy Procedia 2014, 49, 1523–1532.
DOI: https://doi.org/10.1016/j.egypro.2014.03.161
[95] M. Wittmann et al., AIP Conf. Proc. 2018, 2126. DOI: https://
doi.org/10.1063/1.5117642
[96] G. Morin et al., Energy Procedia 2015, 69, 689–698. DOI: https://
doi.org/10.1016/j.egypro.2015.03.079
[97] S. Alexopoulos, B. Hoffschmidt, WIREs Energy Environ. 2017, 6
(1), e217. DOI: https://doi.org/10.1002/wene.217
[98] W. H. Stein, R. Buck, Sol. Energy 2017, 152, 91–105.
DOI: https://doi.org/10.1016/j.solener.2017.04.054
[99] J. E. Pacheco, T. Wolf, N. Muley, Incorporating Supercritical
Steam Turbines Into Advanced Molten-Salt Power Tower Plants:
Feasibility and Performance, Report, SAN2013-1960, Sandia
National Laboratories, Albuquerque, NM 2013.
[100] K. Wang, Y.-L. He, H.-H. Zhu, Appl. Energy 2017, 195, 819–836.
DOI: https://doi.org/10.1016/j.apenergy.2017.03.099
[101] K. Ellingwood, K. Mohammadi, K. Powell, Appl. Energy 2020,
276, 115513. DOI: https://doi.org/10.1016/j.ape-
nergy.2020.115513
[102] F. Martı́n, R. Wiesenberg, D. Santana, AIP Conf. Proc. 2017,
1850, 160017. DOI: https://doi.org/10.1063/1.4984551
[103] G. J. Nathan et al., Prog. Energy Combust. Sci. 2018, 64, 4–28.
DOI: https://doi.org/10.1016/j.pecs.2017.08.002
[104] X. Ju et al., Sol. Energy Mater. Sol. Cells 2017, 161, 305–327.
DOI: https://doi.org/10.1016/j.solmat.2016.12.004
[105] S. Giuliano, M. Puppe, K. Noureldin, AIP Conf. Proc. 2019, 2126,
060003. DOI: https://doi.org/10.1063/1.5117589
[106] M. Biencinto, et al., Sol. Energy 2014, 103, 456–472. DOI: https://
doi.org/10.1016/j.solener.2014.02.037
[107] G. J. Kolb, J. Sol. Energy Eng. 2011, 133 (3), 031023. DOI: https://
doi.org/10.1115/1.4004239
[108] F. Klasing et al., J. Sol. Energy Eng. 2020, 142 (5), 051006.
DOI: https://doi.org/10.1115/1.4046463
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